Z. Resveratrol recruits rat muscle microvasculature via a nitric oxidedependent mechanism that is blocked by TNF␣.
THE MAJOR FUNCTION of the muscle microcirculation is to regulate tissue perfusion to ensure adequate delivery of nutrients, oxygen, and hormones despite changing needs based on activity and feeding patterns. To do this, the endothelium provides an exchange surface area between the plasma compartment and tissue interstitium that can change based upon tissue needs (2) . Microvascular perfusion is determined by relaxing precapillary terminal arterioles, which expands exchange surface area (capillary recruitment). A number of physiological and pathological factors can regulate this process (2) . Among them, insulin, exercise, and mixed meals have each been shown to increase muscle microvascular perfusion, whereas tumor necrosis factor-␣ (TNF␣) and elevated free fatty acid concentrations inhibit recruitment (2, 8) .
Oxidative stress plays a pivotal role in the pathogenesis of endothelial dysfunction and vascular complications in patients with type 2 diabetes (T2DM), consistent with T2DM being a chronic inflammatory disorder (29, 32) . Patients and animal models of T2DM have elevated tissue and plasma levels of various inflammatory cytokines that are capable of inducing oxidative stress. Excess production of reactive oxygen species (ROS) reduces nitric oxide (NO) bioavailability and increases the production of cytotoxic peroxynitrite (42) . TNF␣ is a widely studied inflammatory cytokine that has clearly been linked to insulin resistance and endothelial dysfunction. It stimulates superoxide production via activation of NADPH oxidase and induces insulin resistance via the p38 MAPKdependent pathway in cultured endothelial cells (14, 21, 30, 44) . Perfusion of dissected resistance arterioles with TNF␣ blocks insulin-mediated vasodilation, whereas systemic infusion of TNF␣ completely abrogates insulin-mediated muscle capillary recruitment in rats (13, 43, 46) .
Resveratrol (3, 5 ,4=-trihydroxystilbene) is a naturally occurring polyphenolic phytoalexin found in many plants and has been shown to prolong lifespan in lower organisms. Foods and drinks rich in resveratrol, such as the Mediterranean diets and French wine, are associated with a reduced risk of cardiovascular mortality in humans, and evidence has confirmed that resveratrol has antiapoptosis, anti-inflammatory, anti-aging, and anticancer as well as cardiovascular protective effects (3) . Although the underlying mechanisms remain unclear, resveratrol's antioxidant and anti-inflammatory actions may have played an important role in these processes.
Resveratrol is also vasoactive and has been shown to cause vasodilation and to improve aortic endothelial function in diabetic mice (44) . In db/db mice, resveratrol restored endothelium-dependent vasorelaxation to acetylcholine, attenuated TNF␣ expression, inhibited NADPH oxidase, and preserved endothelial NO synthase (eNOS) phosphorylation (44) . Whether resveratrol acts more distantly to recruit muscle microvasculature and enhance tissue perfusion and, if so, whether inflammatory cytokines affect this action were examined in the current study. Our results suggest that resveratrol potently induced muscle microvascular recruitment; however, this ac-tion was blocked by TNF␣ despite the potent antioxidant effect of resveratrol.
MATERIALS AND METHODS
Culture of bovine arterial endothelial cells. Bovine arterial endothelial cells (BAECs) in primary culture were purchased from Cambrex BioSciences (Walkersville, MD) and cultured in endothelial basic medium supplemented with 5% fetal bovine serum, bovine brain extract, human epidermal growth factor (10 ng/ml), gentamicin sulfate (50 g/ml), and hydrocortisone (1 g/ml). Cells (passages 3-8) were grown to confluence and then used for experiments after serum starvation for 14 h. Cells were incubated with resveratrol (100 nM; Sigma-Aldrich, St. Louis, MO) in the absence or presence of TNF␣ (10 ng/ml; R & D Systems, Minneapolis, MN) for various amounts of time and then used for either Western blotting or measurement of hydrogen peroxide, superoxide anion, or NADPH oxidase activity.
Western blotting. Cells were lysed in ice-cold lysis buffer (50 mM Tris·HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.25% sodium deoxycholate, 1 mM EGTA, 1 mM sodium orthovanadate, 1 mM NaF, 1 g/ml aprotinin, 1 g/ml leupeptin, 1 g/ml pepstatin, and 1 mM phenylmethylsulfonyl fluoride) and used for Western blotting, as described previously (4, 21, 22 Upstate Biotechnology) overnight at 4°C. After the membranes were incubated with respective secondary antibody conjugated with horseradish peroxidase (Amersham, Buckinghamshire, UK), the blots were developed using enhanced chemiluminescence (Amersham Life Science, Piscataway, NJ), and the autoradiographic films were scanned and quantified using ImageQuant TL (Bio-Rad).
Measurement of hydrogen peroxide production. Endothelial production of hydrogen peroxide (H 2O2) was measured using the fluorescent probe 5(6)-chloromethyl-2=,7=-dichlorodihydrofluorescein diacetate-acetyl ester (CM-H2DCFDA; Molecular Probes, Eugene, OR). In brief, BAECs (1 ϫ 10 5 /0.2 ml culture medium) were plated in 96-well microplates, grown to confluence, and incubated with CM-H2DCFDA (10 M) at 37°C for 30 min. The fluorescence intensity was measured using a Wallac 1420 Victor 2 multilabel counter (excitation 485 nm, emission 535 nm; Wallac, Turku, Finland). Cells treated with hydrogen peroxide (1 mM; Sigma) for 30 min at 37°C were used as positive control.
Determination of superoxide production and NADPH oxidase activity. Superoxide production was assessed with the lucigenin chemiluminescence method, using superoxide anion assay kit (Sigma) based on the manufacturer's instructions. After cells were homogenized in ice-cold lysis buffer, proteins (100 g) were added to 96-well luminometer plates containing 5 M lucigenin (Sigma). Luminescence of the samples was measured using a Wallac 1420 Victor 2 multilabel counter, and its intensity (relative light unit) was normalized to sample protein concentration.
The endothelial NADPH oxidase activity was determined by assessing NADPH-dependent superoxide generation. Superoxide generation was measured with or without NADPH (100 M; Sigma), and the reaction was started by the addition of NADPH to each well. The specificity of the superoxide assay was assessed by inhibition of the reaction with apocynin (100 M, 1 h; Sigma).
Animal preparations and experimental protocols. Male SpragueDawley rats (Charles River Laboratories, Wilmington, MA) weighing ϳ300 g were housed at 22 Ϯ 2°C, kept on a 12:12-h light-dark cycle, and fed a standard laboratory chow and water ad libitum prior to the study. After an overnight fast, rats were anesthetized with pentobarbital sodium (50 mg/kg ip; Abbott Laboratories, North Chicago, IL), placed in a supine position, and intubated with a PE-240 tubing to maintain airway patency. The carotid artery and external jugular vein were then cannulated with polyethylene PE50 through a midline neck incision. Rats were observed for 30 min to ensure hemodynamic and anesthesia stability and then studied under one of the following four groups: group 1 (control) received an ip injection of vehicle (50% ethanol at 1 ml/kg); group 2 (resveratrol) received an ip injection of resveratrol (25 mg/kg dissolved in 50% ethanol); group 3 received an ip injection of resveratrol 30 min after systemic infusion of NO synthase (NOS) inhibitor N -nitro-L-arginine methyl ester (L-NAME; 50 g·kg Ϫ1 ·min Ϫ1 ) was begun [L-NAME infusion persisted throughout the study, and at the dose selected it increased mean arterial blood pressure (MAP) by ϳ20 -30 mmHg and blocked insulin-and losartaninduced increases in muscle microvascular blood volume (MBV) (5, 36)]; and group 4 received an ip injection of resveratrol 60 min after a systemic infusion of TNF␣ (0.5 g·kg Ϫ1 ·h Ϫ1 ) was begun, which persisted throughout the study. TNF␣, at the dose selected, had no significant effect on either MAP or muscle capillary recruitment but blocked insulin-mediated capillary recruitment in skeletal muscle (43, 46) . Muscle microvascular parameters were measured using contrast-enhanced ultrasound (CEU) technique at baseline and 30, 60, 90, and 120 min after vehicle or resveratrol injection.
The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH Publication No. 85-23, revised 1996). The study protocol was approved by the Animal Care and Use Committee of the University of Virginia.
Measurement of muscle microvascular parameters. Microvascular parameters, including MBV and microvascular flow velocity (MFV), were measured using CEU with a HDI-5000 ultrasound system and a L7-4 linear array transducer (Philips Medical Systems, Andover, MA), and microvascular blood flow (MBF) was calculated as described previously (5, 17, 37) . In brief, CEU was performed on the proximal adductor muscles (adductor magnus and semimembranosus) of the right hindlimb at a transmission frequency of 3.3 MHz. The contrast agent (Definity; Lantheus Medical Imaging), microbubbles composed of a lipid shell filled with a perfluorocarbon gas, was infused intravenously at a rate of 16 l/min. Once the systemic microbubble concentrations reached steady state (after 5-8 min of continuous infusion), images were digitally acquired at pulsing intervals (PIs) from 0.5 to 20 s, with a mechanical index of 0.8 (5, 36) . Depth, focus, and gains (overall gain, time-gain compensation, and lateral-gain compensation) were optimized at the beginning of each study and held constant throughout. All muscle CEU images were analyzed using the QLAB software (Philips Medical Systems, Andover, MA), and background-subtracted video intensity in the region of interest was determined as described previously (24, 25, 40, 41) . The PI (time) vs. video-intensity curve was generated and fitted to an exponential function: y ϭ A (1 Ϫ e Ϫ␤t ), where y is video intensity at a PI t, A is the plateau video intensity representing MBV, and ␤ is the rate constant, which reflects the rate of rise of video intensity (i.e., MFV). MBF is the product of MBV and MFV.
Throughout the study, MAP and heart rate were monitored via a sensor connected to the carotid arterial catheter (AD Instruments, Colorado Springs, CO). Pentobarbital sodium was infused at a variable rate to maintain steady levels of anesthesia and blood pressure throughout the study. Euthermia was maintained with a heating pad. Arterial blood glucose concentrations were determined using an Accu-Chek Advantage blood glucometer (Roche).
Statistical analysis. All data are presented as means Ϯ SE. Statistical analyses were performed using Sigma Stat 3.1.1 software (Systat Software), using one-way ANOVA with post hoc Dunn's analysis, or unpaired Student's t-test as appropriate. A P value of Ͻ0.05 was considered statistically significant. ERK1/2 in endothelial cells, BAECs were cultured to confluence and then treated with 100 nM resveratrol for various times after an overnight fast. We first carried out a dose response study and found that resveratrol at 100 nM potently increased the phosphorylation of Akt and eNOS by 30 min of incubation (Fig. 1A) . Using this concentration, we examined the time course of resveratrol on endothelial Akt, eNOS, and ERK1/2 phosphorylation. As shown in Fig. 1, B and C, resveratrol treatment acutely increased the phosphorylation of Akt, eNOS, and ERK1/2 within 15 min by more than twofold, and this effect lasted for Ն2 h.
Resveratrol abolishes TNF␣-induced ROS production and NADPH oxidase activity in endothelial cells. Resveratrol is a potent antioxidant and has been shown to prevent TNF␣-induced ROS production in endothelial cells. To ascertain that resveratrol does decrease TNF␣-induced ROS and NADPH oxidase activity, we incubated BAECs with TNF␣ in the presence or absence of resveratrol. As shown in Fig. 2 , TNF␣ potently increased the endothelial production of H 2 O 2 (P Ͻ 0.002) and superoxide anion (P Ͻ 0.02) and increased the NADPH oxidase activity (P Ͻ 0.004). However, treatment with resveratrol at the same time completely restored the levels of H 2 O 2 and superoxide anion and the activity of NADPH oxidase back to the control levels.
Resveratrol increases muscle microvascular perfusion in vivo via NO-dependent pathway.
To assess the physiological significance of the resveratrol-induced eNOS phosphorylation, we next carried out in vivo studies examining the effects of resveratrol on muscle microvascular perfusion, since previous studies have shown repeatedly that activation of eNOS by insulin potently increases muscle microvascular perfusion by increasing MBV without affecting MFV (9, 10, 25, 36 -38) . As shown in Fig. 3 , ip resveratrol potently increased muscle MBV at 30 min, and this effect lasted for ϳ120 min (P ϭ 0.007, ANOVA). Although MFV trended up after resveratrol injection, the increase was not statistically significant (P ϭ 0.233). As a result, MBF, which is derived from the product of MBV and MFV, increased significantly after resveratrol injection (P Ͻ 0.02). Resveratrol clearly increased MBF without inducing significant changes in either MAP or blood glucose concentrations (Table 1) .
Because a previous study has confirmed that resveratrol enhances NO release and improves endothelial function in diabetic mice (44) , and increased NO availability by either insulin infusion (36, 37, 45) or losartan injection (5) potently increases MBV, we further examined the role of NO in resveratrol-induced increase of muscle MBV. As shown in Fig. 3 , continuous infusion of L-NAME, a selective NOS inhibitor, completely abolished resveratrol-induced increases in MBV and MBF (P ϭ 0.122 and 0.073, respectively; Fig. 3 ). As expected, continuous infusion of L-NAME at this dose raised the MAP by ϳ20 mmHg (P Ͻ 0.001; Table 1 ) without affecting blood glucose levels.
Resveratrol does not increase the phosphorylation of Akt in either liver or muscle in vivo.
Because we have shown that resveratrol increases the phosphorylation of Akt in cultured endothelial cells, we further examined whether resveratrol also stimulated the phosphorylation of Akt in liver and muscle. We selected these tissues because liver has a high blood flow and discontinuous endothelium, allowing easy access to the hepa- tocyte, whereas muscle has tight endothelial junctions. As shown in Fig. 4 , resveratrol did not increase the phosphorylation of Akt in either tissue, suggesting that the resveratrol effect is relatively endothelium specific in our study setting.
TNF␣ abolishes resveratrol-induced increases in muscle microvascular perfusion. Chronic inflammation contributes to endothelial dysfunction. Although resveratrol restores vascular function in diabetic mice, the improvement is abolished by incubating the vessel with TNF␣ in vitro (44) . To further examine whether TNF␣ impairs the vasodilatory effect of resveratrol on muscle microcirculation, we systemically infused TNF␣ at a concentration that has been shown to abolish insulin-mediated capillary recruitment in rats 60 min prior to resveratrol ip injection. TNF␣ infusion had no significant effect on MAP or blood glucose concentrations (Table 1) but completely reversed resveratrol-induced increases in skeletal muscle MBV and MBF (P ϭ 0.659 and 0.834, respectively; Fig. 3) .
DISCUSSION
The present study demonstrated for the first time that resveratrol exerts potent vasodilatory action in the skeletal muscle microcirculation via a NO-dependent mechanism. Despite the potent antioxidant effect of resveratrol, TNF␣ infusion completely neutralized resveratrol's microvascular vasodilatory actions. Because it is in the microcirculation where substrate extraction takes place and a relatively small increase (decrease) Fig. 3 . Effects of resveratrol on muscle microvascular parameters in vivo. Resveratrol significantly increased microvascular blood volume (MBV; P ϭ 0.007, ANOVA) and microvascular blood flow (MBF; P Ͻ 0.02, ANOVA) vs. basal. *P Ͻ 0.05. MFV, microvascular flow velocity; L-NAME, N -nitro-Larginine methyl ester. in the microvascular surface area could markedly increase (decrease) substrate extraction by muscle, antioxidants like resveratrol may play an important role in regulating substrate exchange in the muscle by increasing endothelial surface area.
Resveratrol has been shown to have multiple potential health benefits, including cardiovascular protection (3). Although the underlying mechanisms remain to be elucidated, evidence suggests that this might be related to resveratrol's antioxidant and anti-inflammatory properties and its ability to improve endothelial function (3) . Resveratrol can relax isolated murine aorta or porcine mesenteric and uterine arteries (6, 27 ). It appears that both endothelium-dependent (NO-mediated; Refs. 28 and 33) and endothelium-independent (Ca ϩϩ -activated K ϩ channels; Ref. 23) pathways are involved in resveratrol-induced vascular relaxation. In the present study, we observed that L-NAME completely abolished resveratrol-mediated muscle microvascular recruitment in vivo. This strongly suggests that resveratrol increases muscle microvascular perfusion via the endothelium-dependent, NO-mediated process. The observation that resveratrol increased eNOS phosphorylation within 15 min and recruited microvasculature within 30 min suggests that resveratrol can acutely activate eNOS to increase NO production. This is consistent with a previous report showing that resveratrol induced endothelial NO production after only a 2-min incubation (39) . In addition, longer treatment with resveratrol upregulated eNOS mRNA and protein expression, increased eNOS promoter activity, and stabilized eNOS mRNA in cultured human umbilical vein endothelial cells (39) . Resveratrol appears to affect eNOS via SIRT1 to cause upregulation and deacetylation (26) and perhaps also via ER␣ to induce eNOS phosphorylation, which is mediated by ERK1/2 (19, 20) .
The effect of resveratrol on the muscle microcirculation resembles that of physiological concentrations of insulin. We and others have demonstrated repeatedly that insulin at physiological concentrations potently recruits microvasculature in muscle in both humans and experimental animals (9, 11, 24, 25, 36 -38, 45) . This is mediated via the Akt-eNOS signaling pathway. Although we did not measure insulin concentrations in the present study, it is unlikely that resveratrol exerted its actions via insulin secretion since plasma glucose concentrations remained steady during the study, and there was no evidence of increased Akt phosphorylation in biopsies of either skeletal muscle or liver following resveratrol treatment (Fig.  4) . Furthermore, in vitro studies have shown that resveratrol actually inhibits insulin release, likely by blocking the voltagegated Ca ϩϩ channels (18, 34) . That resveratrol increased muscle microvascular blood flow by more than twofold without significantly changing plasma glucose concentrations is not surprising, since the basal use of glucose by muscle is low and the increased glucose use associated with the muscle microvascular recruitment is likely less than the hepatic glucose production in the postabsorptive state. Similarly, we have demonstrated previously that increasing muscle microvascular recruitment and muscle glucose use by threefold after losartan administration does not alter plasma glucose concentrations (5) .
Endothelial dysfunction is an early event in the development of atherosclerosis and is closely associated with insulin resistance, obesity, and diabetes. Many factors are associated with endothelial dysfunction, including chronic inflammation. Resveratrol treatment has been shown to improve endothelial function in hypertensive rats (31) , in rats a fed high-fat diet (1), and in diabetic mice (44) . This is not surprising since resveratrol has been shown to have potent antioxidant and antiinflammatory properties, likely via its effect on the NADPH oxidase (7, 33, 44) . Consistent with previous reports, we have shown in the present study that resveratrol prevented TNF␣- (Fig. 2) .
In the present study, we observed that TNF␣ completely neutralized the vasodilatory actions of resveratrol on muscle microvasculature (Fig. 3) . TNF␣ at the dose infused increased plasma TNF␣ concentrations to ϳ350 pg/ml (46) and did not affect basal hemodynamic parameters, glucose metabolism, or muscle microvascular perfusion (43) . However, this dose was clearly enough to completely block muscle microvascular recruitment induced by physiological hyperinsulinemia. Alhough this concentration is higher than ϳ90 pg/ml observed in obese, insulin-resistant rodents (16) , it is likely comparable with tissue concentrations, since most TNF␣ is released from various tissues. Indeed, in fructose-fed rats, each gram of skeletal muscle contains ϳ500 -600 pg of TNF␣ (35) . Further studies are warranted to elucidate the mechanisms underlying the inhibitory effect of TNF␣ on resveratrol-mediated muscle microvascular recruitment. Compared with the in vitro studies the TNF␣ concentration was 30-fold less, and resveratrol concentrations were fourfold higher. As such, it is reasonable to assume that resveratrol prevented TNF␣-induced ROS production in vivo as well. However, it is likely that TNF␣ still stimulates some superoxide production, which then interacts with NO to form peroxynitrite, resulting in decreased NO bioavailability (42) . It is also possible that TNF␣ may act via ROS-independent mechanisms. We have demonstrated previously that TNF␣ potently activates p38 MAPK, which subsequently causes serine phosphorylation of insulin receptor substrate-1 and impairs insulin-stimulated activation of Akt and eNOS in cultured endothelial cells (21) . Whether TNF␣ attenuates resveratrol's effect on muscle microvasculature via a similar mechanism warrants further study. Our results suggest that chronic inflammation, as seen in patients with diabetes, may limit resveratrol's vasodilatory effect in the muscle microcirculation. Interestingly, in arteries isolated from humans with coronary heart disease, NO-dependent vasorelaxation in response to resveratrol is also lost (12) .
At the dose (25 mg/kg ip) selected, plasma resveratrol concentrations reach ϳ100 ng/ml (ϳ0.4 M) at 120 min (47) , which is similar to those achieved with intravenous injection (15) . This was significantly lower than previous studies demonstrating potential health benefits of resveratrol (1-100 M) (3) . At this concentration, we were able to show that resveratrol potently recruited muscle microvasculature in vivo and abolished high concentrations of TNF␣-induced increases in NADPH oxidase activity and ROS production in vitro. Whether resveratrol at lower concentrations has similar effects warrants further studies.
In conclusion, resveratrol acutely activates eNOS and recruits muscle microvasculature via an NO-dependent mechanism. Despite the potent antioxidant effect of resveratrol, TNF␣ at concentrations that block insulin-mediated muscle microvascular recruitment completely neutralized resveratrol's microvascular action. Thus, our results suggest that chronic inflammation, as seen in type 2 diabetes, may limit resveratrol's vasodilatory actions on muscle microvasculature.
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